This paper presents the results of an investigation on the influence of aggregate type and gradation on the microstructure and durability of portland cement mortar and concrete. The objective of this study was to investigate the relationship between experimental parameters used in mixture proportioning and the microstructure and performance of mortar and concrete. Two sizes of fine aggregate gradations were used to prepare the specimens. The results indicate that increase in the aggregate size would increase the porosity and thickness of the interfacial transition zone surrounding the aggregate. The effect of aggregate gradation on the durability of cementitious materials was investigated by comparing the results of absorption, sorptivity, electrical conductivity, and resistance to sodium sulfate solution attack. The results indicate that decrease in the aggregate size leads to increase in the electrical conductivity and porosity and decrease in sorptivity of the paste. The resistance to sulfate attack depends on the mode of transportation of the sulfate-ions within the paste and the aggregate size. Similar durability investigation was carried on concrete specimens with fine and coarse sand gradations. The results appear to be consistent with those obtained for mortar. The effect of aggregate type on microstructure durability of mortar was examined by comparing mortars prepared with normal and lightweight aggregate. The results indicated that lightweight aggregate mortar had better durability than normal aggregate mortar. The improvement in durability was linked to the dense paste surrounding lightweight aggregate.
Introduction
It has been suggested by a number of researchers that aggregate particles influence the microstructure of cement paste surrounding them [1] [2] [3] [4] [5] . The zone of cement paste that is affected by the aggregate particle has been defined as the interfacial transition zone (ITZ). Among the reported characteristic s of the ITZ are its higher porosity and lower content of unhydrated cement grain as compared to the bulk paste. It has been suggested that the ITZ thickness, as well as its microstructure, are controlled mainly by the wall effect [6, 7] . This implies that the cement grain size distribution is an important factor controlling the ITZ characteristics. Water-cement ratio (w/c) has been considered to have only small effect on the ITZ microstructure [6] . The influence of the aggregate size on the ITZ characteristics has not received much attention. Beaudoin et al, [8] attempted to clarify the effect of the aggregate size by using electrical conductivity method. To the authors' knowledge there is no report on the quantitative effect of the aggregate size on the ITZ microstructure. The effect of aggregate type on the ITZ microstructure was studied by comparing the microstructure of the ITZ surrounding normal and lightweight aggregates [9] . The results from this studies indicated that the ITZ surrounding lightweight aggregate was much denser that that surrounding normal aggregate. The improvement in the ITZ microstructure was attributed to the absorption of water from the ITZ by the lightweight aggregate.
The effect of aggregate content and gradation on the durability of mortar and concrete is still a subject of dispute. Some research work has indicated that at high aggregate content the ITZ surrounding the aggregate particles may overlap and lead to percolation [10] . Other studies investigated the effect of aggregate content on electrical conductivity of mortar suggested that the effect of ITZ on the on conductivity is either not significant or masked by the effect of tortousity [11] . There are few studies on the effect of aggregate gradation on durability of mortar and concrete. In one study conducted by Katz and Thompson [12] the effect of maximum aggregate size on permeability of concrete was examined. The results suggested that the permeability increased with increasing aggregate size.
The effect of aggregate type on durability of cement and mortar was investigated in several studies. One study [13] suggested that lightweight concrete has lower permeability than normal aggregate concrete. Punkki et al. [14] studied the effect of lightweight aggregate moisture condition on the water absorption of concrete. The results obtained from this study indicated that concrete made with prewetted lightweight aggregate has slightly higher absorption than corresponding concrete made with dry lightweight aggregate.
In this study the effect of aggregate size on the ITZ microstructure is investigated by using backscattered electron images. The effect of aggregate size and type on durability of mortar and concrete is also investigated by preparing mortar and concrete samples with different aggregate gradations and measuring electrical conductivity, sorptivity, and resistance to sodium sulfate attack.
Experimental

Materials and specimens preparation
Two sets of mortar specimens were prepared for the study of the effect of aggregate gradation on ITZ microstructure, one with a w/c of 0.55 and the other with a w/c of 0.40. ASTM type I cement was used. The sand used for mortar preparation was comprised mainly of granite and quartzite. Two aggregate sizes were used: 2.36 mm-4.75 mm (passing #4 and retained on #8 standard sieve) and 150 μm -300 μm (passing #50 and retained on #100). These two sizes of aggregate were blended together prior to mixing.
Mortar specimens prepared for studying the effect of aggregate gradation on durability of mortar were made with w/c of 0.55 and 0.40. Two sets of mortar specimens were prepared for each w/c. The first set had single gradation of 2.36 mm-4.75 mm aggregate and the second set was prepared with single gradation of 150 μm-300 μm. The volume of aggregate was kept constant for both gradations.
Two sets of concrete specimens were prepared to examine the effect of aggregate gradation on durability of concrete. The two sets had similar coarse aggregate gradation, but fine aggregate gradation was different for each one. The fine aggregate gradation for each set is shown in table 1 below. Two w/c were used for each set, 0.55 and 0.40. The effect of aggregate type on durability of mortar was studied by preparing mortar specimens with two different types of aggregate. One set of specimens was prepared with normal weight aggregate of 150 μm-300 μm gradation. The other set was prepared with lightweight aggregate with similar gradation. The two sets with different aggregate types were prepared with w/c of 0.55.
SEM image acquisition and processing
Backscattered images were obtained around randomly selected aggregate particles. The sequence of images taken would cover the whole cement paste surrounding the selected aggregate particle. The backscattered images were analyzed using image analysis software. Two features were selected for the image analysis. These were detectable porosity and unhydrated cement grains. Only porosity results are discussed in this paper
Durability study
The specimens from two sets of mortar prepared with two aggregate gradations were immersed in 5% sodium sulfate solution (Na 2 SO 4 ). The expansion and dynamic modulus were measured periodically. Mortar specimens with lightweight aggregate were subjected to similar treatment. Electrical conductivity and sorptivity were measured for all mortar sets after 180 days of curing in lime water.
Concrete specimens were subjected to cycles of wetting in 5% Na 2 SO 4 and drying in an oven set at 50° C to expedite the process of deterioration. Sorptivity and electric conductivity were measured after 180 days of curing in moist room.
Results
Aggregate size effect on ITZ microstructure
As shown in Fig. 1 , at w/c of 0.55 the ITZ associated with 2.36 mm-4.75 mm aggregate size has a higher porosity than the one surrounding 150 μm -300 μm aggregate size at 180 days. The two aggregate sizes appear to have similar porosities in the 10 μm strip in the immediate vicinity of the aggregate. However, at distance 15 μm and farther from the aggregate surface the porosity of 2.36 mm-4.75 mm is consistently greater than that corresponding to 150 μm -300 μm aggregate size. The effect of aggregate size on ITZ microstructure can be explained as follows: a large aggregate particle tends to accumulate more water around it than the smaller aggregate particles. Water rising to the top of the specimen may be blocked more effectively by large aggregate particles than by smaller aggregate particles. This will result in higher w/c around large aggregate particles, which will produce higher porosity as shown above.
Effect of aggregate type on ITZ microstructure
The detectable porosity in the paste surrounding lightweight aggregate and normal weight aggregate in mortar with w/c of 0.55 at 7 days is shown in Fig. 2 . It is clearly indicated that lightweight aggregate is surrounded by much denser paste than normal weight aggregate. The difference in porosity between the two types appears to increase with distance from aggregate surface. The difference in porosity eventually disappear as demonstrated by the results of porosity in the bulk paste for mortars with lightweight and normal aggregate. Both mortars appear to have similar bulk paste porosity, which is indicted in Fig.2 with a horizontal line. In fact the porosity of the paste surrounding lightweight aggregate is even smaller than the porosity of the bulk paste except for the first 10 μm in the immediate vicinity of the aggregate. This can be attributed to absorption of water by the lightweight aggregate. The zone located between 10 μm from aggregate surface and the bulk paste some 50 μm from aggregate surface appears to be the most affected by water migration toward the aggregate. The bulk paste at 50 μm from the aggregate surface does not appear to have been affected by the aggregate type. 
Effect of aggregate size on durability of mortar and concrete
The effect of aggregate size on mortar resistance to sulfate attack is shown in Fig. 3 . Mortar with 150 μm-300μm aggregate gradation appears to be experiencing greater rate of expansion than corresponding mortar with 2.36 mm-4.75 mm aggregate gradation. This indicates that reducing aggregate size from 2.36mm-4.75 mm reduces resistance of mortar to sulfate attack. This can be attributed to the greater volume of ITZ that can be expected to exist in mortar with finer gradation. Although it has been demonstrated above that the ITZ associated with 150 μm-300μm aggregate has smaller detectable porosity than ITZ associated with 2.36 mm-4.75 mm aggregate, but due to the large specific surface area o f 150 μm-300μm aggregate the volume of ITZ in the corresponding mortar will be significantly larger than that in mortar with 2.36mm-4.75 mm, which has small specific surface area and consequently small ITZ volume fraction. The presence of large volume of porous ITZ in the mortar appears to increase the rate of diffusion of sulfate ions into the mortar.
The electrical conductivity for mortar specimens with 2.36 mm-4.75 mm aggregate gradation and 150 μm-300μm aggregate gradation at 180 days is shown in Fig. 4 . The conductivity of mortar with 150 μm-300μm aggregate gradation appears to be slightly greater than that of mortar with 2.36 mm-4.75 mm aggregate gradation. This result is consistent with sulfate attack results, which indicted higher rate of diffusion of ions into mortar with finer gradation. This can be attributed to the large volume of ITZ associated with fine gradation as compared to small ITZ volume in mortar made with coarser gradation. The sorptivity of mortars with 2.36 mm-4.75 mm aggregate gradation and 150 μm-300μm aggregate gradation at 180 days is shown in Fig. 5 . Here the mortar with coarser gradation shows higher sorptivity than mortar with finer gradation. This may indicate that the mechanisms affecting sorptivity are different than those affecting electrical conductivity and diffusion of sulfate ions. It seems that the factor that affects sorptivity more significantly is the torousity of the mortar rather than the volume of the ITZ. Mortar with 150 μm-300μm aggregate gradation has smaller inter-aggregate spacing and thus water has to follow more tortuous path as it is being driven by capillary force. In the case of 2.36 mm-4.75 mm mortar the inter-aggregate spacing is large and pores are not interrupted by aggregate. Thus water has less tortuous path and can penetrate more easily into the mortar under the influence of capillary forces. The effect of tortousity appears to mask the effect of ITZ volume fraction as far as sorptivity is concerned. Here concrete with finer gradations shows better resistance to sulfate attack than corresponding concrete with coarser gradation. This is opposite to the trend observed for mortar where mortar with finer gradation was more vulnerable to sulfate attack than coarser mortar. This different trend can be attributed to the mechanism of transportation of sulfate ion into concrete specimens. Concrete specimens where subjected to subsequent cycles of wetting in Na 2 SO 4 solution and drying in oven. Thus sorption was the dominant mechanism deriving the water and sulfate ions into the concrete. It was shown in the sorptivity study that mortar with large inter-aggregate spacing has higher sorptivity than corresponding mortar with smaller inter-aggregate spacing. Concrete with finer gradation is characterized by small inter-aggregate spacing and thus will have lower sorptivity as compared to concrete with coarser gradation. Since sorptivity was the main mechanism controlling sulfate ingress into concrete then it is expected that concrete with lower sorptivity will show better resistance. 4.36 mm-4.75 mm 150 um-300 um
Effect of aggregate type on durability of mortar
The expansion versus time of lightweight and normal aggregate mortar immersed in 5 % Na 2 SO 4 solution is shown in Fig. 7 . It is clearly demonstrated that lightweight aggregate mortar has superior performance to normal aggregate mortar under sulfate attack. The normal aggregate mortar started to expand significantly after 150 days of exposure and was completely destroyed after 250 days. The lightweight mortar didn't show any significant expansion even after 300 of exposure to 5 % Na 2 SO 4 solution. This excellent performance of lightweight mortar can be attributed to the presence of dense paste surrounding lightweight aggregate. The dense microstructure of the paste surrounding lightweight aggregate particles may hinder the diffusion of sulfate ions into the mortar and thus improves its durability. Fig. 7 Expansion of lightweight and normal aggregate mortars with w/c of 0.55 exposed to 5% Na 2 SO 4 The electrical conductivity of lightweight aggregate and normal aggregate mortars with w/c of 0.55 at 180 days is shown in Fig. 8 . The results indicate clearly that lightweight aggregate mortar has lower conductivity than the corresponding normal aggregate mortar. This can be attributed to the dense microstructure of the paste surrounding the lightweight aggregate particles as compared to paste surrounding normal aggregate. This result is in agreement with the results discussed above in sulfate attack study. The sorptivity of lightweight aggregate and normal aggregate mortars with w/c of 0.55 at 180 days is shown in Fig. 9 . Lightweight aggregate mortar appears to have lower sorptivity than normal aggregate mortar. This can be attributed to the dense microstructure of the paste surrounding lightweight aggregate particle. The dense paste around lightweight aggregate particles may block the water path and makes capillary rise of water more difficult. 
Conclusions
The following conclusions are drawn from the results presented in this paper: Lightweight Normal mortar. The effect of tortousity seems to mask the effect of high volume ITZ volume fraction in 150 μm-300μm aggregate mortar. 6. Concrete with fine aggregate gradation subjected to cycles of wetting in 5% Na 2 SO 4 solution and drying at 50° C experienced less expansion as compared to coarser corresponding concrete subjected to similar treatment. The improvement in resistance of finer concrete can be attributed to the high torousity exist in this concrete which appeared to hinder the ingress of sulfate by sorption. 7. The results indicted that lightweight aggregate particles are surround by paste that has dense microstructure as compared to the paste surrounding normal aggregate particles. The dense paste surrounding lightweight aggregate is attributed to absorption of water by lightweight aggregate. The dense paste surrounding lightweight aggregate appears to improve its resistance to sulfate attack and reduces its electrical conductivity and sorptivity.
